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| Following analysis by reversed-phase HPLC, a previously 
uncharacterized metabolite of 4-(methylnitrosamino)-l-(3- 
pyridylH-butanone (NNK) was found in the urine of A/J mice 
treated with NNK. Treatment with ^-glucuronidase converted 
the metabolite to a peak that co-eiuted with 4-(methylnitro- 
samino)-l-(3-pyridyl)-I-butanol (NNAL). j Treatment with 
sulfatase or /?-glucuronidase plus saccharic acid 1,4-lactone 
did not change the retention time of the metabolite. These 
data suggested that the unknown metabolite was a glucuronic 
acid conjugate of NNAL. Upon isolation and purification of 
larger quantities of the metabolite from the urine of A/J 
mice, CD-I mice and F344 rats, 'H and 13 C NMR and MS 
confirmed that the unknown metabolite was 4-(methylnitro- 
samino)-l-{3-pyridyl)-l-butyl /3-D-glucopyranosiduronic acid 
{NNAL Glu). To determine the quantitative relationship 
between NNK dose and NNAL Glu production and to 
compare the importance of glucuronidation relative to other 
metabolic pathways, [5- 3 H]NNK was administered to F344 
rats and A/J mice at doses of 500 —0,005 /unol/kg. At 
500 jtmol/kg, NNAL Glu accounted for 22% of the total 
urinary excretion of NNK in A/J mice, and for 8% in F344 
rats 48 h after dosing. (The proportions of excreted 
glucuronide and NNAL decreased with diminishing doses of 
NNK. yielding undetectable levels of each metabolite in both 
mice and rats at a dose of 0.005 ^mol/kg NNK. Since 
substantial amounts of metabolites formed via or-hydroxy- 
1 at ion and N-oxidation pathways were observed at the lower 
doses of NNK, these data demonstrate that NNAL glucuroni¬ 
dation is a quantitatively unimportant metabolic pathway at 
low doses of NNK. t 


introduction 

Among the tobacco-specific nitrosamines, 4-(mediylnitro- 

samino)-K3-pyridyl)-l-butanone (NNK*) is the most potent 
carcinogen known (1,2). NNK induces primarily lung tumors 
in ail species tested, regardless of the route of administration (3). 
NNK has been shown to undergo extensive metabolism, leading 
to the excretion of metabolites produced by a-hydroxylation, .V- 
oxidation and carbonyl reduction pathways in the urine of rats 
and hamsters (4.5). These previous studies found no evidence 
of glucuronide or sulfate conjugates in vivo or in vitro. The 
present work reports the characterization of a previously unknown 
glucuronide metabolite of NNK isolated from the urine of A/J 

"Abbreviations: NNK. 4-tmethylnitrosaminol-l-<J-pyridyl)-l-butanone: NNaL. 
4-(methylnitrosaminoH-(3“pyridyh-l-butanol: NNAL Glu 4-<methyfnitro- 
saminOk-1 -(3-pyridy I)-i -butyl /2-D-glucopyranosiduronic acid; DCL desorption 
chemical ionization 
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mice, CD-I mice and F344 rats. In addition, its relath 
importance is assessed by comparison with other urinar 
metabolites found in NNK -treated mice and rats over a wide dos 
range. 

Materials and methods 

Chemicals 

[5- 3 H]NNK (1.0 Ci/mmol) was obtained from ChemSyn Science Laboratory 
{Lenexa. KS). Uniabcled NNK and NNK metabolite standards were synthesize 
as described previously (4.6,7). £-Glucuronidase (type IX), sulfatase (type VI 
and saccharic acid ! ,4-Iactone were obtained from Sigma Chemical Co (St Louis 
MO). 

.Animats 

Female A/) mice were purchased from Jackson Laboratories (Bar Harbor, ME) 
Male Fischer F344 rats and female CD-I mice were obtained from Charles River 
Laboratories (Kingston, NY). A/J mice were maintained on AXN-76A setmpurifiec 
diet with 5% com oil (Dyers, Bethlehem. PA) while CD-I mice and F344 rat*, 
were maintained on NIH-07 diet (Ziegler Bros., Gardners, PA). Mice were used 
in experiments at 6 -7 weeks of age and rats were used at 7-8 weeks of age 
All animals were maintained under the following standard conditions; 20 ± 2°C 
50 ± 10% relative humidity and a 12 h tight/dark cycle. 

isolation of 4-(methylnifrosarmno)-l-(3-pyridyl)-l‘bttiyl ft-ts-slucopyranosiduronic 
add (NNAL Glu) from urine of mice and rats 

A/J mice were administered 500 ^moi/kg [5- 3 HINNK (0.001 Ci/mmol) while 
CD-I mice and F344 rats were administered 500 jtmol/kg of un] a be Jed NNK 
by i.p. injection. Animals were boosed in cylindrical polycarbonate cages that 
afforded virtually complete separation of urine and feces. Urine was collected 
at 24 h time intervals for 2 days. To precipitate protein, urine samples of individual 
rats were diluted to 20 ml with methanol and pooled urine samples from two 
or three mice were diluted to 10 ml with methanol. Following centrifugation foi 
5 min at 2000 $, the resulting supernatants were concentrated in vacuo. Samples 
were then filtered through 0.2 Gel man Acrodtscs (Ann Arbor, MI) prior to 

HPLC analysis. 

Samples were chromatographed on a 9.4 mm x 500 mm Whatman ODS-3 
magnum 9 column (Clifton. NJ) and eluted by a linear gradient of 100% A to 
70% A/30% B in 60 min (A; 0.02 M sodium phosphate, pH 7.0; B; 100% 
methanol) at a flow rate of 4.0 ml/min. Fractions were collected every 4 min 
Fractions 8-10 were combined, concentrated in vacuo, and rechromatographed 
using the same conditions as above, except that the pH of buffer A was 2.6. 
The glucuronide eluted from i 7 to 22 min. Glucuronide-containing fractions were 
adjusted to pH 7.0, concentrated in vacuo . and desalted by injection onto a 
Whatman ODS-3 magnum 9 column eluted with the following system: 100% 
HiO for 3 min. a linear gradient from 100% H>0 to 100% methanol over 5 min. 
and holding at 100% methanol for the next 7 min. The glucuronide eluted as 
a sharp peak from 11 — 12 min. Samples were then evaporated to dryness and 
reconstituted jn methanol for mass spectrometry or in D 2 0 for NMR- 
Enzymatic characterization of NNAL Glu 

Aliquots (10 000 d.p.m.) of purified glucuronide samples derived from A/J race 
were incubated with ^-glucuronidase (500 U) at 37for 60 min. Saccharic acid 
1.4-lactonc <5 mg) was added to some samples prior to addition of /^-glucuronidase. 
Additional aliquots were incubated with 1.0 tf of sulfatase at 37*C for 60 min. 
These samples were chromatographed on a 4.1 mm x 300 mm Alltech Ver- 
sapack C 1g column (State College, PA) and eluted with pH 7.0 phosphate buffer 
as described above at a flow rate of L0 ml/min. Radioactivity was quantitated 
by a Radiomatic Beta Flo-One radioflow detector (Tampa. FL) as the samples 
were ch romatog raphe d. 

NMR and mass spectrometry 

Samples for NMR were dissolved in 0.7 ml of D 2 0 to which 40 ft) of 0.1 M 
NaOD were added. J H and l3 C NMR spectra were obtained using a 360 MHz 
BnikeFAM Fourier-transform spectrometer. Desorption chemical ionization (DOT) 
mass spectra were obtained on a Hewlett-Packard model 5988A spectrometer 
in the presence of excess NH*CI to promote volatilization of the glucuronide 
samples. Methane was used as the carrier gas and the current was instantaneously 
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ramped from G to 3 mA. The LX?I probe used was obtained from Vacumctncs 
i Ventura. CAi Chemical ionization MS results in a molecular ion of <M + H*). 
with the proton derived from median*, 

Effects of NNK dose on excretion of urinary metabolites 
Groups of two A/J mice or single F344 rats were administered 500. 50. 5.0. 
0.5. 0.05 or 0 005 pmol/kg doses of i5- J H]NNK (1.0 -0.0001 Ci/mmol). The 
urine of animals was collecied over dry ice for a lota] of 48 h, with collections 
■ made 3124 h intervals. Urine samples received pre-HPLC preparation as described 
above. Authentic UV standards of NNK metabolites were added to aliquots of 
unne samples prior to analysis. HPLC analysis and detection of radioactivity was 
performed as described above. Aliquots of each sample were chromatographed 
with and without prior incubation with S-giucuronidase (5000 U. 20 min. 37”C). 


Results 

Enzymatic characterization of NNAL Clu 
Figure 1 shows a typical HPLC profile of the urinary metabolites 
of [5- 3 H]NNK obtained from A/J mice. Peak I corresponded to 
4-hydroxy-4-(3-pyridyl)butyric acid (hydroxy acid). Peak II co¬ 
eluted with an authentic standard of 4-oxo-4-(3-pyridyi)butyric 
acid (keto acid). Peak III corresponded to 4-<methylnitro- 
samiira)-1-(3-pyridyl-W-oxide)-l-butanol (NNAL N-oxide). Peak 
V co-eluted with NNAL. However, peak TV did not co-eiute with 
any known standard. 

Upon further purification of peak IV, aliquots of this metabolite 
were incubated with /3-glucuronidase, /3-glucuronidase and 
saccharic acid 1,4-lactone, or sulfatase. Figure 2 shows the HPLC 
profiles of peak IV with and without the enzyme treatments. 
Figure 2(A) shows the chromatogram of peak IV and NNAL 
as detected by UV. Untreated peak IV is depicted in Figure 2(B). 
Following treatment with ^-glucuronidase, peak IV was 
quantitatively convened to a peak that co-eluted with NNAL 
(Figure 2C). Incubation of peak IV with /3-glucuronidase and 
saccharic acid 1.4-lactone, a known inhibitor of (3-glucuronidase, 
did not affect the retention time of peak IV (Figure 2D). 
Similarly, treatment with sulfatase did not affect the retention 
time of peak IV (Figure 2E). Stability studies conducted by 
incubation of this metabolite at 37°C indicated that the metabolite 
was stable at a pH range of 2 -10 (data not shown). These data 
suggested that peak IV was a glucuronic acid conjugate of NNAL. 



Spectral characterization of NNAL Glu 
In order to confirm the structure of NNAL Glu. milligram 
quantities of this metabolite were isolated from the urine of A/J 
mice. CD-I mice and F344 rats as described in Materials and 
methods. l H NMR chemical shift assignments for peak IV were 
determined by comparison with the 'H shifts for /3-D-glucuronic 
acid and NNAL (Table I) and by decoupling experiments. The 
greatest downfield shift occurred at H a , indicating substitution 
of the hydroxyl group of NNAL. I3 C resonances for peak IV 
were assigned by comparison with /3-D-glucuronic acid and 
NNAL as reference compounds (Table II). Downfieid shifts 
occurred at C 4 (versus that of NNAL) and C r (versus that of 
(S-D-glucuronic acid), as would be expected. For comparison with 
the /3-glucuronic acid conjugate, protons and carbons of the 8- 
isomer of free glucuronic acid were distinguished from those of 
the a-isomer by 'H — ] H and 1 H — n C two-dimensional NMR 
('H versus °C). Our assignments were similar to literature 
values (8,9). 

A desorption chemical ionization mass spectrum of peak IV 
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Fig. 1. HPLC analysis of metabolites isolated from the urine of AJl mice 
following i.p. administration of (S-*H]NNK. Arrows represent the elution 
positions of authentic standards added as UV markers. 
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Fig. 2. Effects of 0-glucuronidase. 0-glucuronidase plus saccharic acid 
1,4-lactonc, and sulfatase on peak. IV. (A) UV absorbance of peak IV and 
NNAL standard: (B) purified peak IV: (Q peak IV treated with 
^-glucuronidase: (D) peak IV treated with 0-glucuroftidase and saccharic 
acid 1.4-lactone: <E) peak [V treated with sulfatase. 
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isolated from F344- rat urine is shown in Figure 3. The signal 
at mte = 386 represents the molecular ion (M +■ H*) expected 
for NNAL Glu. The signal at nte - 210 can be accounted for 
by NNAL - H~. Similar spectra were obtained from the 
metabolite isolated from mouse urine (data not shown). 

On the basis of all of the biochemical and spectral data, peak 
!V was determined to be NNAl. Glu. 


Table I. *11 SMR chemical smfi assignment lor peak IV. 3 -D-glucuronic 
acid. Jiid N’NAL J 
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Table II. 1 ! C NMR chemical shift assignments for peak IV. 
acid, and \’NAL J 

^-D-gluoironJC 

Carbons^ 

Peak IV 

6 (p.p.m.j 

^•D'Olucuromc acid 
b ip.p.m-i 

NNAL 

b fp.p.m.) 

y 

151.i 


150.7 

3 

140,0 


142.3 

4 

139 0 


142.3 

5 

126.9 


127.1 

6 

150.3 


149.3 

3 

82.2 


56.9 

b 

35.2 


36-9 


25.4 


25.8 

<1 

57.0 


56.9 

e 

34. J 


35.1 

! ’ 

104.6 

98.6 


2' 

76.1 

76.8 


3‘ 

78.5 

78.3 


4' 

74.7 

75.4 


5' 

79.4 
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•“Sodium j-trirnethyisilylpropanoate-d 4 (TSP) in D : 0 was used as an external 
reference 

^Designations refer 10 the figure in Table 1. 


effects of NNK dose on urinary metabolite excretion 
The metabolism of NNK is shown in Figure 4. To determine 
the importance of NNAL Glu excretion in relation to other NNK 
metabolites, [5- 3 H]N'NK was administered to A/J mice and 
F344 rats at doses of 500—0.005 ^moi/kg. The 500 ^rnoi/kc 
dose corresponds to the dose typically employed in our laboratory 
when examining modulators of NNK tumorigenesis in A/J mice 
(10.11). The 0.005 fimoh'kg dose represent; an ^25-fold greater 
exposure than the estimated total daily dose of NNK lo which 
an average smoker would be exposed (1,12). 

As shown in Table 1(1, excretion of NNAL Glu 48 h after 
administration accounted for 22% of the total urinary excretion 
of NNK in A/J mice and 8% in F344 rats at a dose ot 
500 /cmol/kg NNK. The glucuronide accounts for a much smaller 
proportion of the total NNK dose in both mice and rats at doses 
of 50 pmol/kg and lower. In fact, the glucuronide was not 
detected in the urine of A/J mice at 0.05 and 0.005 jimol/kg and 
in the urine of F344 rats at 0.005 ^mol/kg. Similarly, the largest 
proportions of NNAL were found in the urine of mice and rats 
treated with 500 /imoLkg NNK, with greatly decreased 
percentages of NNAl. or undetectable levels of NNAL found 
with diminishing doses. lr. A/J mice, from 500 to 5,0 jimol/kg. 
reductions in NNAL and NNAL Glu were accompanied b> 
increased proportions of hydroxy acid and keto acid. In this same 
dose range, increased formation of keto acid, but not hydroxy 
acid, occurred in F344 rats. Proportions of the acids remained 
relatively constant in both models at doses of 5.0—0.005 
nmol/kg. Increased formation of NNK A/-oxide occurred at the 
lower doses of NNK when compared with the higher doses ot 
NNK, although proportions of this metabolite never exceeded 
10% of total urinary excretion of NNK in A/J mice, and 14% 
in F344 rats. 

Differences between A/J mice and F344 rats in Table lU shoulc 
not be viewed as species differences. The animals chosen reflect 
two of the most prominent animals for study of NNK 
tumorigenesis: female A/J mice maintained on AIN-76A diet anc 
male F344 rats maintained on NIH-07 diet (1,2,4,10,11,13) 
Since differences in species, gender and diet are involved 
differences between mice and rats in Table IK should be 
considered as differences between models. Proportions of NNAL 
Glu were generally lower in F344 rats than in A/J mice at mosi 
dose levels, while proportions of NNAL were more similar in 
the two animal models. One of the more striking differences 
between the two models was in the proportions of hydroxy acid 
and keto acid excreted in the urine. In the A/J mouse model, 
hydroxy acid tended to predominate, while in the F344 rat model, 
keto acid predominated. Also, the sum of the two acids as a 
percentage of total urinary excretion of NNK was clearly lower 
in A/J mice (29 and 48%) than in F344 rats (SO and 63%) at 
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Pig. 3. DO mass spectrum of peak IV isolated from F344 rat urine. 
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Fig. 4 . Metabolism of NNK. 


500 and 50 ji mol/kg. Excretion of A'-oxides was nearly twice 
as great in F344 rats compared to that in A/J mice at doses of 
0.05 and 0.005 p mol/kg. 

Discussion 

The biochemical and spectral data clearly establish that the 
previously unknown urinary metabolite is 4-(methylnitro- 
saminn)-1-(3-pyridyl)-1 -butyl &- D-glucopyranosiduronic acid. 
Since carbonyl reduction of NNK yields both enantiomers of 
NNAL in vivo (S.S.Hecht and N.Trushin, personal communica¬ 
tion). the formation of two diastereomers of NNaL Glu is 
possible. While two poorly resolvable peaks corresponding to 
NNAL Glu can be found by HPLC analysis, based on peak 
shapes and the relative proportions of each, these peaks appear 
to behave more like the E and Z isomers expected for a 
nitrosamine. Thus, glucuronidation of NNAL may be 
stereospecific or these isomers may not be separable under the 
chromatographic conditions employed. 

While NNAL Glu is the first urinary conjugate found for any 
tobacco-specific nitrosamine, urinary giucuronides have been 
isolated as metabolites of several other nitrosamines. Glucuronic 
acid conjugates of A , -nitrosodibutylamine and /V-nitroso(4-hy- 
droxybutyObutylamine were found to be major metabolites in the 
urine of guinea pigs and relatively minor metabolites in the urine 
of rats (14 —16). A'-Nitrosodipropylamine and A'-nitrosodiamyl- 
aminc also yielded urinary giucuronides when administered to 
rats (17). Glucuronic acid conjugates were also found in the urine 
of rats and hamsters administered ,V-nitroso(2-hydroxypropyl) 


Table lit. Effects of NNK dose on excretion of urinary metabolites 2 


Model 

Dose 

Metabolite 

:, (% of urinary excretion) 




(prool/kg> 

Hydroxy 

acid 

Keio 

acid 

NNAL 

0-CHuc 

NNAL 

N-oxide 

NNK 

A-oxide 

NNAL 

A/J 
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18 

li 

22 

n 

ND 

29 
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50 

32 

16 
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13 

ND 

11 


5.0 

37 

26 
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8 
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0.5 

34 

19 

3 

14 

8 
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0.05 

n 

27 

ND 

7 .. . 

10. 

ND 


0.005 

35 

23 

ND 

6 

7 

ND 

F344 

500 

26 

24 

8 

6 

3 

25 

rai 

50 

24 

39 

3 

6 

3 

.12 


5-0. 

20 , 

4d 

2 

8 

6 

6 


0.5' 

28 

21 

2 

16 

7 

7 


0.05 

16 

38 

2 

13 

14 

4 


0.005 

14 

40 

ND 

12 

14 

ND 


'Groups of two A/J mice or single F344 rais were administered I5- J H)NNK 
(1.0—0.0001 Cl/mmol) at doses of 500. 50. 5.0. 0.5. 0.05 or 0.005 
pmol/kg. Urine was collected for 48 h. Analysis of urinary metabolites of 
NNK was performed as indicated in Materials and methods. 

(2-oxopropyi)amine (18). Additionally, glucuronic . acid 
conjugates of the or-hydroxylation products of /V-nitroso- 
rerf-butylmethylamine and rV-nitrosomethylbenzylamine have 
been isolated (19,20). It should be noted that most of the 
experiments above were carried out at nitrosamine doses ranging 
from 1.0 to 3.8 mmol/kg. Whether or not these giucuronides 
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can be detected at some of the lower dose levels employed in 
the current study remains to be determined. 

At the three highest doses of NN’K administered (500. 50 and 
5.0 jtmobkg;, the ratio of NNAL to NNAL Glu ranged from 
0.5 to 1.4 in female A/J mice and from 3.0 to 8.3 in male F344 
rats, indicating that mice glucuronidated NNAL more efficiently 
than rats. However, the glucuronide did not account for more 
than 8% of the total urinary excretion in either animaJ model 
at NNK doses of 50 ytmol/kg or less, indicating that glucuronida- 
tion of NNAL is of quantitative importance only at large doses 
of NNK. Formation of hydroxy acid and keto acid, a-hydroxy- 
lation products, tended to predominate at all dose levels in F344 
rats and at dose levels of 50 ^mol/kg or less in A/J mice. 
Although present in much smaller proportions than the adds, 
the iV-oxides of NNAL and NNK were still readily detectable 
at doses of 0.05 and 0.005 /imol/kg. While NNaL itself was 
not detected at the lowest two doses of NNK in A/J mice or at 
the lowest dose of NNK in F344 rats, its formation is evident 
from the detection of NNAL A'-oxidc and hydroxy acid in both 
animal models, since It is believed that these metabolites are 
derived primarily from NNAL rather than by reduction of their 
keto counterparts (21,22). 

Great interest has been shown in the quantitation of human 
exposure to carcinogens. With regard to carcinogens present in 
tobacco smoke, an assay for hemoglobin adducts of 
4-aminobiphenyl has been developed (23—25). Recently, 
methods have been developed for the quantitation of NNK- 
derived hemoglobin adducts (26,27). Detection of NNK 
metabolites in human urine may prove to be a useful means of 
assessing individual exposure to this carcinogen. Inasmuch as 
daily exposure to NNK in smokers should be — 25-fold lower 
than the lowest dose (0.005 /imol/kg) administered to rodents 
in the present study, if NNK metabolism in humans is similar 
to that of rodents. NNAL and its glucuronide may not be suitable 
metabolites for analysis in human urine. Although formed in 
relatively large quantities in rodents at low doses, hydroxy acid 
and keio acid are not specific markers for NNK since they can 
be formed from nicotine and N'-nitrosonomicotine /6,21). Thus, 
it is possible that the N-oxides of NNK and NNAL may be more 
suitable metabolites to target for detection in human urine as 
specific markers of exposure to NNK- Ultimately, investigation 
of the unne of smokers or snuff dippers will be required to 
determine which metabolite or metabolites of NNK predominate 
in human urine. 
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